. Cumulative functions over 520 d of mission confinement for each crewmember's waking activity levels (A), time spent in sleep (B) and rest (C), and PVT-B error rate (D). Examination of data from crewmembers d and f illustrate the interindividual differences among the crew in reaction to the prolonged mission confinement. Edited by Robert A. Lamb, Northwestern University, Evanston, IL, and approved November 9, 2012 (received for review July 3, 2012) The hemagglutinin (HA) of influenza A(H3N2) virus responsible for the 1968 influenza pandemic derived from an avian virus. On introduction into humans, its receptor binding properties had changed from a preference for avian receptors (α2,3-linked sialic acid) to a preference for human receptors (α2,6-linked sialic acid). By 2001, the avidity of human H3 viruses for avian receptors had declined, and since then the affinity for human receptors has also decreased significantly. These changes in receptor binding, which correlate with increased difficulties in virus propagation in vitro and in antigenic analysis, have been assessed by virus hemagglutination of erythrocytes from different species and quantified by measuring virus binding to receptor analogs using surface biolayer interferometry. Crystal structures of HA-receptor analog complexes formed with HAs from viruses isolated in 2004 and 2005 reveal significant differences in the conformation of the 220-loop of HA1, relative to the 1968 structure, resulting in altered interactions between the HA and the receptor analog that explain the changes in receptor affinity. Site-specific mutagenesis shows the HA1 Asp-225→Asn substitution to be the key determinant of the decreased receptor binding in viruses circulating since 2005. Our results indicate that the evolution of human influenza A(H3N2) viruses since 1968 has produced a virus with a low propensity to bind human receptor analogs, and this loss of avidity correlates with the marked reduction in A(H3N2) virus disease impact in the last 10 y. S urveillance of influenza viruses is essential for updating vaccines, for tracking the emergence of drug resistant viruses, and for monitoring zoonotic infections. It also gives important insights into the mechanisms of virus evolution. This is particularly the case for interpreting the correlation between antigenic differences and changes in the sialic acid receptor binding properties of the HA glycoprotein. The correlation in these two properties arises because of the close proximity on HA of binding sites for antibodies that neutralize virus infectivity and the sialic acid receptor binding pocket (1) , and accounts for the observations that mutations that prevent antibody binding can also result in changes in receptor binding (2) (3) (4) (5) (6) (7) . Reduction in affinity of human H3N2 viruses for avian receptors since the beginning of the pandemic in 1968 has meant that by the 1990s viruses with reduced ability to agglutinate chicken erythrocytes had emerged (8, 9) . Moreover, viruses isolated after 1999 were shown to have reduced affinity for both human and avian receptors, a feature that correlated with their poor growth properties in eggs and different cells in culture (9) (10) (11) (12) (13) (14) . The evolution of the HA has resulted in at least three key changes that influence receptor binding. (Fig. 1) . By 2010, viruses failed to bind to human receptor under standard assay conditions, but some very limited binding could be detected at increased virus concentrations (Fig.  S2A ). In the case of the avian receptor analog, α2,3-sialyl lactosamine, only the 1968 HA showed significant binding under standard conditions; even when a 10-fold increase in virus concentration was used only the 2001 virus showed evidence of binding (Fig. S2B ).
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Overall Structure. To understand the structural basis of the changes in receptor recognition, the HAs of the 2004 and 2005 viruses were expressed in insect cells and their structures were determined by X-ray crystallography. Diffraction data were obtained for both the HAs alone (apo) and the HA-human receptor analog complexes, and relevant crystallographic statistics are presented in Table S2 .
86% identity, respectively, to the HA of the 1968 virus). The sequence changes since 1968 were primarily on the surface of the membrane-distal domain of HA; consequently, the overall backbone structures are remarkably similar (Fig. 2 and Fig. S3 ) and validate the frequent use of the 1968 HA structure to locate and assess the antigenic significance of sequence differences in the HAs of viruses isolated since 1968. The sequence changes have resulted in two outstanding consequences: changes in surface charge [the pI has changed from 5.6 (1968) to 8.6 (2004) ] and the introduction of six new potential sites for glycosylation (Fig. 2) . Electron density for at least part of the carbohydrate moiety is seen at positions 63, 126, 133, and 246. There was the loss of one potential glycosylation site at residue 81. Carbohydrate side chains on HA surfaces have previously been observed to influence the antigenicity of HAs (16, 17) , but the additional sites had accumulated during the evolution of HA before the major decline in the virus avidity for the human receptor observed since 2001 (Fig. 1) . The significance of the accumulation of surface basic residues, as noted before, is unknown (18) (Fig.  1) , we compared the structures of the human receptor complexes formed by all three HAs.
In the 2004 HA complex, the receptor analog is well defined in electron density maps, and adopts a folded-back conformation, with an α2,6-cis linkage between sialic acid and the adjoining galactose-2 ( Fig. 3A and Fig. S4 ). The conformation of the human receptor, and the interactions it forms with the HA, are generally similar to those seen in its complex with the 1968 HA (19) . However, unlike the 1968 HA, changes in the structure of the 220-loop of the 2004 HA occur on receptor binding that appear to facilitate the interaction (Fig. 3A) .
In contrast, the electron density for the receptor in the 2005 HA complex is both weaker and less well defined, consistent with poorer binding (Fig. 1) . Only the sialic acid of the sialyllactosamine can be modeled, with direct hydrogen bonds, as in the 2004 HA, between its carboxylate and Ser-136 and Ser-137 (Fig.  3B) . All other interactions with the sialic acid appear to be made via water molecules.
Comparison of the 1968 and 2004 HA complexes with the human receptor analog reveals a number of features that probably account for the marked reduction in affinity for receptor over time. In particular, whereas there are no significant conformational differences between the apo and receptor-bound forms of the 1968 HA, in the 2004 HA-human receptor analog complex, Asp-225 forms a salt bridge with Arg-222 and is shifted 1.5 Å closer to the bound receptor where it is able to form a hydrogen bond with the 3-hydroxyl of galactose-2 (Fig. 3A) . Furthermore, the peptide carbonyl of Asp-225 in the complex is located about 1.3 Å closer to the receptor, forming a hydrogen bond with the 4-hydroxyl of galactose-2. The energetic cost of these rearrangements of the 220-loop, to better suit binding to receptor, is expected to reduce the affinity of the interaction. In the 1968 HA the side chain of Leu-226 is closer to C-6 of galactose-2 (3.8 Å) than Ile-226 (4.5 Å) in the corresponding 2004 HAreceptor complex (Fig. 3C) . In addition, Glu-190 in the 1968 HA protrudes into the receptor binding pocket toward the glycerol substituent of sialic acid, such that the 9-hydroxyl of the glycerol substituent makes two additional hydrogen bonds with His-183 and Glu-190. In contrast, the shorter side chain of Asp-190 in the (Fig. 3B and Fig.  S4 ). Consequently, receptor interactions only involve sialic acid in the 2005 structure and are likely to be weaker than those involved in complexes formed by earlier H3 HAs.
Biological Consequences of Receptor Binding Variation. There are potentially important consequences of changes in receptor binding properties for virus isolation, for antigenic characterization, and for vaccine production. Viruses with decreased affinity for cellular receptors are under increased selection pressure when propagated in tissue culture cells and in hens' eggs for vaccine production (7) . Indeed, the reduced avidity of the HA for the receptor is likely to be a key factor that promotes the observed ability of the virus neuraminidase to substitute for the HA in receptor binding by viruses propagated in certain cell lines (20) . Difficulties with antigenic characterization derive largely from differences in the behavior of viruses in the hemagglutination assays that are central to antigenic analyses, leading to the need to use guinea pig erythrocytes in standard hemagglutination and hemagglutination inhibition assays for recent H3N2 viruses (21) .
Biologically, the most important consequence of amino acid substitutions that result in decreased affinity for receptors is their effect on the efficiency of infection and transmission. Despite the changes in receptor binding that have been observed, and the widespread immunity to H3N2 viruses generally, these viruses continue to circulate and have predominated in North America in the 2010/2011 influenza season and in the 2011/2012 season in Europe (22, 23) . Nevertheless, it is striking that the severity of infections has declined since the major epidemics of 1968-1970, 1975-1976, 1989-1990, 1994-1995, and 1999-2000 (24) , and this may be linked to the marked reduction in receptor binding affinity in the recent years of this 44-y-long pandemic.
Materials and Methods
Cells. SIAT cells, kindly provided by M. Matrosovich (Philipps Universität, Marburg, Germany), stably expressing human CMP-N-acetylneuraminate: β-galactoside α-2,6-sialyltransferase for enhanced expression of sialic acid α2-6Gal-terminated oligosaccharides (25) and parental MDCK cells were propagated at 37°C with 5% (vol/vol) CO 2 in DMEM (Sigma; D6429), supplemented with 10% (vol/vol) heat-inactivated FCS, antibiotics [penicillin (100 U·mL Recombinant Viruses. Recombinant viruses were generated by reverse genetics, as described by Hoffmann et al. (26) . Both HA and NA genes were amplified with primers (sequences are available on request) and cloned into the vector pHW2000. Site-specific mutagenesis of cDNA clones was performed using a QuikChange Site-Directed Mutagenesis kit (Stratagene). Plasmids were transfected into cocultured 293T and SIAT cells and recovered virus was propagated in SIAT cells.
Hemagglutination Assays. Hemagglutination assays were performed according to standard methods using suspensions of guinea pig [1.0% (vol/ vol)], chicken (0.5%), or turkey (0.5%) red blood cells (RBCs) from Matrix, TCS, and the Health Protection Agency Centre for Infection, respectively, under procedures regulated by the Animals (Scientific Procedures) Act 1986. Hemagglutination titers were determined in the presence 20 nM oseltamivir carboxylate to circumvent possible agglutination of RBCs mediated by the virus neuraminidase (20) . For lectin hemagglutinin assays, the concentrations of the various bloods were standardized at 1% (vol/vol) to enable direct comparison between species. Maackia amurensis II and Sambucus nigra lectins were from Vector Laboratories.
Nucleotide Sequence Analyses. Nucleotide sequences of HA and NA genes in viruses, cDNA clones, and recombinant viruses were determined using ABI Prism BigDye terminator cycle sequencing kits and an ABI-3730XL DNA analyzer. The sequences of all of the viruses in this study were verified before use and have been deposited in the Global Initiative on Sharing All Influenza Data (GISAID) database (Table S3) .
Plaque Assays. Plaque assays were performed on SIAT or unmodified MDCK cells using 1.2% (wt/vol) Avicel and 2 μg·mL −1 trypsin in six-well plates (27) .
Quantification of Viruses and Biolayer Interferometry Receptor Binding Assay.
Viruses propagated in SIAT cells in serum-free DMEM containing 2 μg·mL
TPCK-treated trypsin (Sigma; T1426) were concentrated by centrifugation at 100,000 × g for 1 h, resuspended in PBS, and quantified by solid-phase ELISA using a mouse monoclonal antibody against the nucleoprotein (NP) of influenza A virus (a gift from Centers for Disease Control and Prevention), goat anti-mouse horseradish peroxidase conjugate, and 3,3′,5,5′-tetramethyl-benzidine. The concentrations of the viruses, standardized by comparison with a virus of known concentration, were calculated from the estimated NP contents. The number of NP molecules per virion was calculated based on the influenza virus genome consisting of 13,588 nucleotides and the binding of 23 nucleotides per NP monomer (28) . Virus binding to receptor analogs was measured on an Octet RED instrument (ForteBio). Biotinylated α2,3-and α2,6-linked sialyl lactosamine sugars (2,3SLN and 2,6SLN, respectively) linked to a polyacrylamide backbone of 30-kDa polymers containing 20 mol % sugar and 5 mol % biotin were from Lectinity. Sugars were loaded onto streptavidin biosensors (ForteBio) at 0.01-0.5 μg·mL −1 for 5 min in 150 mM NaCl, 10 mM Hepes, pH 7.4, 3 mM EDTA, 100 μM oseltamivir carboxylate (Roche), and 0.005% Tween 20, and then virus was added at either 100 pM or 1 nM in the same buffer. Association was measured over 30 min at 25°C. Equilibrium responses for virus binding were plotted as a function of the amount of sugar immobilized on the biosensor calculated from the response during the sugar loading step. SGRENLYFQGGGGSGYIPEAPRDGQAYVRKDGEWVLLSTFLGHHHHHH, where the italicized sequence is the recognition site for TEV protease cleavage, the underlined sequence is a trimerization foldon (29) , and the sequence in bold is a hexa-His tag.
Recombinant baculovirus was generated by cotransfection of BaculoGold Bright Linearized Baculovirus DNA (BD) and pHAEM into Sf9 cells. Following virus amplification, large-scale expression was performed with 2.5-L Sf9 cell cultures. Cells were removed by centrifugation 72 h after infection, and supernatant was concentrated and loaded onto a Talon cobalt column (Clontech). Fractions containing HA were pooled and dialyzed against 50 mM NaCl, 10 mM Tris·HCl, pH 8.0, buffer. Dialyzed protein was concentrated and treated with trypsin [10:1 HA/trypsin (wt/wt ratio); 4°C 16 h] to remove the foldon and His-tag. The reaction was stopped by adding soybean trypsin inhibitor and the HAs were subjected to further purification by gel filtration chromatography using a Superdex-200 16/60 column (GE) in 150 mM NaCl, 10 mM Tris·HCl, pH 7.0, buffer. The gel-filtered protein was buffer exchanged into 50 mM NaCl,10 mM Tris·HCl, pH 7.0, and concentrated to 15 mg·mL −1 for crystallization.
Crystallization of H3-HAs. Diffraction-quality crystals were generated following the addition of 5,000 U of Endo H (NEB) to 1. (30) , and crystals were soaked in crystallization solution supplemented with 12 mM LSTc for 16 h. All crystals were frozen directly from the drop and diffraction data collected using synchrotron beamlines at DIAMOND.
Structure Determination. Diffraction data were indexed and integrated in iMOSFLM (31); the space group was verified by the CCP4 program Pointless (32) before being scaled by Scala (32). Molecular replacement was performed in Phaser (33) using the H3 X31 (1968) HA structure (30) as the search model, and one HA molecule was located by molecular replacement giving a solvent content of 61%. Structures were subsequently built in Coot (34) and refined in Refmac (35) with TLS parameters generated by the TLS Motion Determination server (http://skuld.bmsc.washington.edu/~tlsmd/) (36, 37) and 5% reflections of the merged dataset were set aside for calculating free R factor (R free ). Model quality was validated using MolProbity (molprobity.biochem.duke.edu/) (38) . Crystallographic statistics are summarized in Table S2 .
